H
erpesviruses establish lifelong residence, despite the presence of an active host immune system. Infection with Kaposi's sarcoma (KS)-associated herpesvirus (KSHV), also known as human herpesvirus 8, can be contained by the immune system in healthy individuals but causes severe disease in immunocompromised transplant recipients or patients with AIDS. Natural killer (NK) cells are critical in defense against viral infections, where they provide protection by releasing cytokines such as IFN-␥ and by direct lysis of infected targets. Restoration of NK cell activity correlates with resolution of KS in AIDS patients, suggesting an important role for NK cells in the control of KS development (1) . NK cell activity is controlled by a balance of inhibitory and activatory signals received through cell surface receptors. KSHV down-regulates surface MHC class I molecules via the K3 and K5 immune evasion genes, which encode viral E3 ligases that target MHC class I alleles for ubiquitylation and lysosomal degradation (2) (3) (4) . This reduction in MHC class I expression may render KSHV-infected cells susceptible to NK cell killing.
NK cells express a range of activating receptors, including NKG2D, 2B4, NKp80, and the natural cytotoxicity receptors NKp30, NKp44, and NKp46. NKG2D recognizes MHC class I-related chains (MIC) A and B as well as members of the UL16-binding protein (ULBP) family, and it plays a central role in innate immunity (5) . Cell surface MIC expression can be induced by heat shock or infection and signals to the immune system that a cell is stressed or abnormal (6, 7) . The importance of the NKG2D activatory pathway is highlighted by the down-regulation of its ligands by multiple viruses, including human cytomegalovirus (HCMV) (8, 9) , mouse CMV (10-13), zoonotic orthopoxviruses (14) , and HIV (15) .
Recent work suggests that synergistic interactions between activatory receptors promote the induction of cytotoxicity in resting NK cells (16) . Like NKG2D, NKp80 is a C-type lectin-like homodimeric receptor that stimulates NK cell cytoxicity but is expressed on NK cells alone (17) . It was recently shown to recognize the activationinduced C-type lectin (AICL; also known as CLEC2B), a receptor found at the surface of myeloid cells (18) . KSHV productively infects monocytes within KS lesions and can undergo lytic replication in these cells (19) . No virus has yet been described to target the NKp80 pathway for evasion of NK cell cytotoxicity. Given the importance of NK cell evasion to members of the herpesvirus family, we set out to determine whether KSHV genes modulate cell surface expression of ligands for the activatory NK receptors NKG2D and NKp80.
Results
KSHV K5 Down-Regulates NK-Activating Ligands MICA, MICB, and AICL. To investigate whether the KSHV immune evasion gene K5 affects expression of ligands for activating NK receptors, a variety of cell lines expressing endogenous MICA were transduced with K5 and MICA expression analyzed by flow cytometry. In the presence of K5 (gray shading in Fig. 1 ), a marked decrease in cell surface MICA was seen in some cells (e.g., U373; Fig. 1 A) , whereas an intermediate decrease (e.g., Jurkat cells; Fig. 1 A) or no effect (e.g., HeLa cells; Fig. 1 A) was observed in others. In contrast, little variation was seen in the ability of K5 to down-regulate MHC class I in the same cells (Fig. 1 A) . MICB, the highly related homolog to MICA, is also a ligand for NKG2D and has a conserved cytoplasmic tail (Fig. 1C) . Expression of K5 decreased cell surface MICB levels in C1R-MICB cells (Fig. 1B) . In contrast, K3 affected neither cell surface MICA nor MICB expression in C1R cells (data not shown). To understand the variation in the effect of K5 on MICA expression, we compared the protein sequences of the known MICA alleles. One common MICA allele, *008, has a premature stop codon, resulting in a truncated transmembrane and absent cytoplasmic tail (Fig. 1C) . Indeed, this is the predominant allele in several populations (20) . Other common MICA alleles contain the three conserved lysine residues close to the transmembrane region. MICB is less polymorphic than MICA, and all described alleles have a full-length cytoplasmic tail. Genotyping the endogenous MICA alleles in the cell lines tested with K5 showed a clear correlation between the MICA genotype and the ability of K5 to affect MICA surface expression (Table 1 ). K5 decreased cell surface expression of all MICA alleles with a wild-type cytoplasmic tail but had no effect on cell lines homozygous for the truncated MICA allele *008. Those cell lines where the effect of MICA expression by K5 was intermediate were heterozygous for the MICA *008 allele. In these cases, we predict that only one allele is targeted by K5, whereas surface expression of the truncated *008 is unaffected.
Other ligands recognized by NKG2D include the ULBP/retinoic acid early transcript-1 (RAET-1) family. ULBP1-3 are GPI-linked proteins and therefore lack cytoplasmic tails and are unlikely to be targeted by K5. RAET-1E has no lysines in its short cytoplasmic tail, whereas the single lysine in the cytoplasmic tail of RAET-1G is not targeted by K5 (data not shown).
Activatory receptors act cooperatively to induce cytotoxicity in resting NK cells (16) . We therefore wanted to determine whether K5 targets ligands of other NK activatory receptors. KSHV infects monocytes (19) , and a monocyte-specific activating receptor, AICL, was recently identified as a ligand for the activating NK receptor NKp80 (18) . AICL is a type II transmembrane protein with a short cytoplasmic tail of 7 aa, 3 of which are lysine residues (Fig. 1C) . Because no commercial antibody to AICL is available, we added a luminal (C-terminal) c-myc tag to allow visualization of AICL-myc at the cell surface of the monocytic cell line, U937 (Fig.  1D ). In the presence of K5 (gray shading), AICL-myc cell surface expression was reduced to isotype control levels (Fig. 1D) , and MHC I expression was also down-regulated (Fig. 1D) . As with MICA and MICB, K3 was unable to down-regulate AICL-myc (data not shown).
Down-Regulation of MICA and AICL by K5 Is RING-and LysineDependent. The ubiquitin ligase function of both K3 and K5 is absolutely dependent on the integrity of the RING-CH domain (2, 4) , which recruits host E2 enzymes. Our structural analysis of the K3 RING-CH domain identified residues (tryptophan-41 and isoleucine-11) necessary for recruitment of the E2 enzymes (21) . Mutation of the tryptophan residue leaves a K3 mutant unable to ubiquitylate or degrade MHC I (4). Mutation of the equivalent residues in the K5 RING (tryptophan-47 and isoleucine-17 to alanines) generated a K5 mutant (K5W/I) that is stably expressed (Fig. 2 A) , indicating that the ubiquitin E3 ligase activity of K5 is required.
The requirement for the K5 RING-CH domain for MICA and AICL down-regulation suggested that K5 was targeting cytoplasmic tail residues for ubiquitylation. Sequence alignment of MICA alleles, MICB, and AICL identified three lysine residues close to the membrane in all three targets (Fig. 1C) . To determine the lysine requirements of K5 for MICA downregulation, we created a series of MICA mutants. The cytoplasmic tail lysine residues were individually mutated to arginine residues and the resultant constructs transduced into C1R cells to generate stable cell lines, which were subsequently transduced with K5 in a GFP-expressing construct. Wild-type and mutant MICA down-regulation by K5 could then be compared. Mutation of all three lysine residues to arginines completely abrogates down-regulation of MICA by K5 (Fig. 2  B and C) . MICA is recruited to membrane subdomains by acylation of the cysteine residues (Fig. 1C) (23) . Mutation of the two cysteine residues (to serines) had no effect on the down-regulation of MICA by K5 (Fig. 2B) , suggesting that recruitment of MICA to a lipid subdomain is not required for K5 function. Analysis of lysine residue mutations showed that the single, membrane-proximal lysine residue (KRR) promoted MICA down-regulation as efficiently as wild-type MICA (Fig. 2B) . However, movement of this single lysine residue distal to the membrane (RKR) caused a less significant down-regulation. MICA down-regulation by K5 is abolished when the lysine is two positions away (RRK). A single lysine is therefore sufficient for K5-mediated down-regulation of MICA, and the position of this lysine relative to the membrane is critical. The presence of more than one lysine residue does not improve the down-regulation of MICA (Fig. 2B ) but confirms the importance of the membrane proximal lysine for the down-regulation of MICA by K5.
We also created a tagged AICL construct with all three lysine residues in the cytoplasmic tail mutated to arginines (AICL-Klessmyc) (Fig. 2C) . K5 was unable to down-regulate AICL-Kless-myc, but in the same cells, K5 decreased MHC I expression (Fig. 2C) . These results suggest that K5 directly targets AICL through its cytoplasmic tail lysine residues.
MICA Is Ubiquitylated and Targeted to an Intracellular Compartment
by K5. Having shown that down-regulation of MICA by K5 depends on the presence of a single lysine residue in the MICA cytoplasmic tail and a functional K5 RING-CH, we predicted that K5 acts as an E3 ligase to ubiquitylate MICA, as seen with its other substrates (2, 24, 25) . To confirm this prediction, we immunoprecipitated GFPmyc-tagged MICA from COS-7 cells in the presence of K5 or the inactive K5W/I mutant and probed for ubiquitin expression. In the presence of wild-type but not mutant K5, a ubiquitylation band is seen in MICA-expressing cells (Fig. 3A) . Transfection controls show equivalent MICA expression for all cell lines (Fig. 3A) .
We wanted to determine the fate of ubiquitylated MICA because the K5-mediated ubiquitylation of MHC class I (26) but not CD1d (25) leads to enhanced lysosomal degradation. Pulse-chase analysis of MICA immunoprecipitates from [
35 S]methionine-radiolabeled U373 cells showed that K5 does not significantly increase the rate of MICA degradation (Fig. 3B) . This experiment was repeated in K5-expressing HeLa cells transfected with GFP-myc-MICA or GFP-myc-MICA-Kless. Because HeLa cells express the MICA *008, which is unaffected by K5, these cells provide an internal control and allowed us to compare the fate of the ''K5-sensitive'' and ''K5-insensitive'' MICA alleles under identical conditions (Fig.  3C) . The degradation of GFP-myc-MICA is not significantly increased compared with the truncated, endogenous MICA allele *008 (Fig. 3C) .
Because K5 does not affect MICA degradation, we determined how K5 affects MICA redistribution from the plasma membrane. Immunofluorescence of HeLa cells showed GFP-myc-MICA predominantly at the plasma membrane (Fig. 3D) . In the presence of K5, GFP-myc-MICA is redistributed to punctate, intracellular vesicles (Fig. 3D) , which do not colocalize with markers for budding vesicles (clathrin), early endosomes (EEA-1, Vps-26), lysosomes (LAMP-1), or TGN (TGN-46) (data not shown). Thus, K5 expression leads to MICA ubiquitylation and redistribution to an intracellular compartment, without enhancing degradation.
AICL Is Targeted for Endolysosomal Degradation by K5.
To determine how K5 affects AICL, we compared wild-type with mutant (K5W/I) on U937 cells stably expressing myc-tagged AICL (U937-AICLmyc) in the presence or absence of proteasomal (MG132) or lysosomal (concanamycin A) inhibitors. In the presence of K5, AICL-myc was degraded in a concanamycin A-sensitive compartment (Fig. 3E) . MG132 treatment did not rescue AICL-myc degradation, suggesting that, as seen with class I, K5 targets AICL for lysosomal and not proteasomal degradation.
Induction of Lytic Cycle KSHV Genes Leads to a Decrease in Cell Surface
MICA Expression. To study the effect of KSHV infection on MICA expression, we analyzed cell surface levels on the primary effusion lymphoma cell line, BC3, which is latently infected with KSHV. Untreated BC3 cells express only a subset of latent viral genes. Lytic gene expression is induced by sodium butyrate (27) , which increases the proportion of cells undergoing lytic replication from Ͻ5% to 87% live cells, as measured by expression of the ORF-59 early lytic gene (Fig. 4A) . In agreement, a rapid induction of K5 was seen from mRNA isolated after sodium butyrate-treated BC3 cells (Fig. 4A) . A full-length MICA allele was genotyped in BC3 cells, but because no surface MICA was detected either before or after sodium butyrate treatment (data not shown), BC3 cells were stably transduced with MICA (Fig. 4B) . Induction of lytic KSHV replication decreased cell surface MICA expression to Ϸ40% of untreated levels (Fig. 4B ), comparable to MHC class I (Ϸ50% untreated) and ICAM-1 (Ϸ15% untreated) (Fig. 4B) . Expression of lysineless MICA (MICA-Kless) (Fig. 4C ) was unaffected by lytic gene expression, whereas down-regulation of MHC class I and ICAM-1 was apparent (Fig. 4C) . To ensure that receptor down-regulation in BC3 depended on the induction of KSHV and not a toxic effect, the C1R B cell lymphoma line was treated with sodium butyrate. C1R does not express MICA, but ICAM-1 and MHC class I were both unaffected by sodium butyrate (Fig. 4D) . Thus, induction of lytic cycle KSHV genes by sodium butyrate in BC3 cells decreases cell surface expression of wild-type, but not lysineless, MICA.
Down-Regulation of MICA and AICL by K5 Protects Cells from NK Cell
Cytotoxicity. To study the functional significance of MICA downregulation by K5, we tested whether the K5-mediated downregulation of MICA protected target cells from killing by primary NK cell lines in 51 chromium cytotoxicity assays. Because K5 also down-regulates cell surface MHC class I molecules, we needed a target cell line that allowed us to differentiate the effect of K5 on MICA from its effect on MHC class I. We therefore chose the C1R B cell line, which expresses low cell surface MICA and relatively low MHC class I (Fig. 5A) . The low expression of MHC class I molecules renders C1R sensitive to background NK killing (Fig.  5B ). C1R cell lines stably expressing MICA and lysineless MICA were examined for (i) expression of MICA, MHC class I, and ICAM-1 ( Fig. 5A ) and (ii) killing by primary human NK cell lines (Fig. 5B) in the presence and absence of K5. The basal level of NK-mediated killing of C1R targets was increased after expression of MICA (Fig. 5B ). K5 expression reduced the killing of C1R-MICA K5 cells to background levels, an effect not seen on C1R-MICA-Kless K5-expressing target cells. These results, seen in primary human NK cell lines from three independent donors, suggest that K5 protects cells from NK killing and that this effect is absolutely dependent on the down-regulation of cell surface MICA and not on other cell surface receptors whose expression may also be affected by K5. U937 cells express AICL, but not MICA, and are sensitive to NK cell lysis in an NKp80-dependent manner (18) . Therefore, we examined the effect of K5 on NK cell killing of U937 cells. A primary NK cell line expressing NKp80 was used in cytotoxicity assays. In the absence of endogenous AICL-specific antibody, the contribution of AICL to NKp80-mediated killing cannot be directly determined. However, an NKp80-blocking antibody allowed us to assess the contribution of NKp80 to the killing of U937 (Fig. 5C ) and provides an indirect assessment of the effect of AICL. It makes the assumption that no additional NKp80 ligands are expressed on U937 cells. As shown (Fig. 5C ), K5 expression reduced the specific lysis of U937 cells compared with control cells. This protection from NK-mediated lysis was similar to that seen with NKp80-blocking antibody, and no additional protection was seen in the presence of K5 when NK cells were NKp80-blocked (Fig. 5C ). Taken together, these results suggest that the protection of U937-K5 cells compared with U937 cells (Fig. 5C ) is NKp80-dependent and likely results from the down-regulation of AICL by K5.
Discussion
NK cell killing is regulated by a balance of signals received through activatory and inhibitory receptors. The down-regulation of MHC class I molecules by the KSHV-encoded K3 and K5 genes, together with the up-regulation of activating receptors induced by viral infection, may shift this balance to make KSHV-infected cells susceptible to NK cell killing. Here, we show that K5 decreases cell surface expression of MICA/MICB and AICL, ligands of the NK activatory receptors NKG2D and NKp80. K5 ubiquitylates lysine residues in the cytoplasmic tail of MICA, and receptor downregulation occurs during lytic viral replication and protects cells from NKG2D-mediated NK cytotoxicity. K5 is the first viral protein found to down-regulate AICL, allowing KSHV to evade NKp80-mediated cytotoxicity.
Previous experiments to assess the potential role of K5 in protecting cells from NK-mediated cytotoxicity led to contra- dictory results, due in part to the use of NK cell lines that may not be representative of killing by primary human NK cells (3, 28) . By identifying MICA/B as targets of K5, we provide evidence that K5 expression can protect cells from NKG2D-mediated NK cytotoxicity, independent of its effect on other surface receptors such as ICAM-1. The down-regulation of MICA by K5 showed Ϸ30% change in protection from NK cytotoxicity, but taken in combination with the K5 downregulation of MICB, the effect is likely to be greater. K5 down-regulates AICL, a monocyte-specific C-type lectin (18) , and protected U937 cells from NK cell lysis by an NKp80-positive polyclonal NK line. K5 may play a role in KSHV productive infection of monocytes, which provide a reservoir for viral transmission, allowing the increase and maintenance of viral load during the late stages of infection (19) . The down-regulation of AICL may also suppress TNF production by infected monocytes (18) . Because AICL could not be expressed in BC3 cells, a B cell line, it was difficult to analyze the effect of lytic KSHV replication on cell surface expression of AICL.
Although it is always difficult to extrapolate in vitro results to viral infection in vivo, recent data emphasize the importance of K5 as one of a cluster of lytic cycle viral genes expressed in the early stages of KSHV infection in both endothelial cells and fibroblasts (29, 30) . De novo KSHV infection strongly activates the K5 promoter and correlates with down-regulation of other K5 targets (MHC class I and ICAM-1) (30) . Loss of cell surface MICA may therefore help KSHV evade NK cell surveillance in vivo. It may be important to avoid NK detection in the early phase of KSHV infection, before establishing latency, when KSHV infects endothelial and epithelial cells that express cell surface MICA, as well as later during lytic cycle reactivation and viral replication.
Both AICL and MICA are directly targeted by K5. The MICA allele sensitivity to down-regulation by K5 and the absolute requirement for lysine residues in the MICA cytoplasmic tail are of particular significance, given the high gene frequency of the K5-resistant *008 allele. Whether the presence of this allele affects the clinical outcome of KSHV infection remains to be determined and will be of particular interest in the HIV-infected population where coinfection with KSHV carries a high morbidity and mortality (31).
The *008 MICA allele is also resistant to down-regulation by HCMV (8) , and it will be important to determine whether viral infection has driven selection for this allele.
The lysine requirements of K5 on MICA down-regulation demonstrate the positional constraints for ubiquitylation by this E3 ligase. Although down-regulation by K5 requires only a single lysine residue in the tail of MICA, the distance of this residue from the membrane is critical. At ϩ4 residues from the membrane, K5 shows full activity, but transfer to ϩ6 residues leads to a complete loss of MICA down-regulation. AICL also has a lysine at position ϩ4 from the membrane, as well as two lysines abutting the membrane. Although the majority of cellular E3 ligases are cytosolic, as an integral membrane protein the ability of K5 to target the more distal lysine residues for ubiquitylation may be more constrained.
K5 is remarkable for its ability to target so many different immunoreceptors, including MHC class I, ICAM-1, CD86, CD1d as well as PECAM, ALCAM, the IFN receptor, AICL and MICA/B (24, 25, 28, (32) (33) (34) . By down-regulating these receptors, K5 is effectively preventing recognition by cells of the adaptive (CD8, CD4, and CD1d-restricted T cells), as well as the innate (NKG2D-and NKp80-specific NK cells and IFN receptor) immune system. Thus, a single viral gene is able to inhibit multiple cellular recognition pathways and help KSHV to evade the host immune response and establish permanent infection. The down-regulation of AICL by K5 may contribute to the ability of the virus to maintain an infectious reservoir in monocytes within a lesion. Further experiments will help determine the importance of MICA downregulation in the evasion of CD8 ϩ T cells, ␥␦ T cells, and in KSHV tumor formation.
Materials and Methods
Cell Lines and Culture. The cell lines BC3, C1R, U373, HeLa, BJAB, Jurkat, U937, HT29, HepG2, Caco-2, and 293T were grown in RPMI medium 1640 supplemented with 10% FCS. HMEC-1 were grown in supplemented MCDB 131 medium. Stable cell lines (C1R-MICA, C1R MICA-mutants, C1R MICA-Kless Ϯ K5, U373-MICA, HeLa-K5-GFP-MICA-Kless) were created by lentiviral transduction of parent cells. For C1R-MICB, MICB was amplified from the HT29 colon cancer line (American Type Culture Collection) and transfected into C1R cells.
Antibodies. Primary antibodies and their sources were as follows: 2C10 ␣-MICA, ␣-myc mAb 9E10, and ␣-Ub P4D1 (Santa Cruz Biotechnology); ␣-human MHC I 51 Cr release assay using IgG1-or NKp80-specific mAb blocked NK cell line against control or K5-expressing U937 cells. Error bars give the SE of the six replicates at each point.
